Glyceridae (Annelida) are a group of venomous annelids distributed worldwide from intertidal to abyssal depths. To trace the evolutionary history and complexity of glycerid venom cocktails, a solid backbone phylogeny of this group is essential. We therefore aimed to reconstruct the phylogenetic relationships of these annelids using Illumina sequencing technology. We constructed wholegenome shotgun libraries for 19 glycerid specimens and 1 outgroup species (Glycinde armigera). The chosen target genes comprise 13 mitochondrial proteins, 2 ribosomal mitochondrial genes, and 4 nuclear loci (18SrRNA, 28SrRNA, ITS1, and ITS2). Based on partitioned maximum likelihood as well as Bayesian analyses of the resulting supermatrix, we were finally able to resolve a robust glycerid phylogeny and identified three clades comprising the majority of taxa. Furthermore, we detected group II introns inside the cox1 gene of two analyzed glycerid specimens, with two different insertions in one of these species. Moreover, we generated reduced data sets comprising 10 million, 4 million, and 1 million reads from the original data sets to test the influence of the sequencing depth on assembling complete mitochondrial genomes from low coverage genome data. We estimated the coverage of mitochondrial genome sequences in each data set size by mapping the filtered Illumina reads against the respective mitochondrial contigs. By comparing the contig coverage calculated in all data set sizes, we got a hint for the scalability of our genome skimming approach. This allows estimating more precisely the number of reads that are at least necessary to reconstruct complete mitochondrial genomes in Glyceridae and probably non-model organisms in general.
Introduction
Glyceridae Grube, 1850 (Annelida) are a group of venomous annelids that possess an eversible pharynx bearing four cross arranged teeth that are connected to venom glands (Ehlers 1868; Fauchald and Rouse 1997; Wolf 1977) . Venom systems evolved several times independently in the animal kingdom and serve predominantly for predation, defense, and competition 1982). A recent computational study elucidated a complex mixture of transcripts representing known toxin classes as well as Glycera-specific ones by analyzing venom gland transcriptomes of three different glycerid species (von Reumont, Campbell, Richter, et al. 2014) . To allow an extended investigation and understanding of the venom evolution in this group, a solid backbone phylogeny of Glyceridae is needed.
At present, Glyceridae comprises 46 valid species (Bö ggemann 2014). It is a group of worldwide distributed annelids, consisting of the three genera Glycera, Glycerella, and Hemipodia, distinguishable by concise genus-specific morphological details as reviewed in Bö ggemann (2002) . So far, only few phylogenetic studies exist which aim to investigate the relationships within Glyceridae and most of them are solely based on morphological characters (e.g., Bö ggemann 2002 Bö ggemann , 2006 . These analyses propose the monophyly of Glyceridae and support furthermore a sister group relationship between Glyceridae Grube, 1850, and Goniadidae Kinberg, 1866, which are unified as Glyceriformia Fauchald, 1977 (Pleijel 2001 . Unfortunately, glycerid species share a rather uniform morphology, thereby hampering the ability of morphological studies to distinguish different morphological characters resulting mostly in low node support (Bö ggemann 2002) . We aim to overcome this problem by reconstructing the phylogeny of Glyceridae on a molecular level using mitochondrial (and nuclear) target genes, which had already been proven informative in other phylogenetic (e.g., Botero-Castro et al. 2013; Gillett et al. 2014; Williams et al. 2014 ) and phylogeographic studies (e.g., Morin et al. 2010) . Especially the genes of the mitochondrial genome, known to harbor higher substitution rates compared with the slower evolving nuclear genes (Curole and Kocher 1999) , are well-suited for resolving phylogenies of different taxonomic levels and young radiations, respectively.
Traditional approaches of complete mitochondrial genome sequencing usually followed protocols involving random sequencing of clones resulting from fragmentation of mitochondrial DNA and blunt-end cloning (Burger et al. 2007) or long-range polymerase chain reactions (PCRs) and subsequent sequencing through primer walking (e.g., Helfenbein et al. 2001; Dreyer and Steiner 2004; Bleidorn et al. 2006) . The generation of primers requires prior sequence information and was thus a comparatively time-and also cost-intensive strategy to reveal complete mitochondrial genomes, especially of distantly related species. The advent of next-generation sequencing (NGS) techniques leveraged the sequencing of mitochondrial genomes. An improvement concerning the sequencing depth of mitochondrial target genes was reached by sequencing longer amplicons through NGS (e.g., Lloyd et al. 2012) or the inclusion of an enrichment step for mitochondrial DNA in the case of low-quality DNA (e.g., Maricic et al. 2010; Horn et al. 2011; Winkelmann et al. 2013 ). The enrichment step was conducted through generated baits (laboratory baits) whose generation is dependent once again, upon knowledge of closely related reference genomes. Nowadays, enrichment techniques are no longer restricted to mitochondrial genes, but rather expanded to numerous other loci of interest for their implementation in phylogenetic analyses (e.g., Lemmon et al. 2012; Peñ alba et al. 2014) . In contrast, bait sequences (bioinformatic baits) serve to identify complete mitochondrial genomes in a mixed pool of untagged samples that were sequenced and assembled together (e.g., Rubinstein et al. 2013; Gillett et al. 2014) . However, these approaches usually need prior knowledge of reference sequences. Particularly when working with non-model organisms, the access to a priori sequence information can be difficult and time-intensive. Thus, more and more approaches/pipelines were developed to recover complete mitochondrial genomes directly from whole-genome shotgun (WGS) sequencing data (Botero-Castro et al. 2013; Hahn et al. 2013; Lavrov et al. 2013; Williams et al. 2014; Li et al. 2015) using reference-independent assembly strategies and species-specific tagging of samples.
Here, we are following such an approach to reconstruct a robust glycerid backbone phylogeny. We generated WGS data for 19 glycerid specimens and 1 outgroup species. The phylogenetic analyses are based on multigene analyses of different data set sizes targeting 15 mitochondrial genes (atp6, atp8, cox1, cox2, cox3, cytb, nad1, nad2, nad3, nad4, nad4l, nad5, nad6 , sRNA, and lRNA) and 4 loci from the nuclear ribosomal cluster (18SrRNA, 28SrRNA, ITS1, and ITS2). To test the influence of the sequencing depth on the mitochondrial target genes, we generated reduced data sets (10 million, 4 million, and 1 million reads) and analyzed the recovery of mitochondrial genomes per data set size. A comparison of the contig coverage elucidated in all data sets gave us an idea for the scalability of our genome skimming approach. Consequently, we will be able to estimate the number of WGS reads necessary for reconstructing complete mitochondrial genomes in Glyceridae and probably also other nonmodel organisms.
Materials and Methods
Library Reconstruction, Illumina Sequencing, and Processing WGS libraries were constructed for 19 glycerid specimens and 1 outgroup species (Glycinde armigera, FS17) (table 1). Genomic DNA was sheared through sonication for 130 s with the focused-ultrasonicator Covaris S2 (Covaris, Inc., Woburn, MA) to generate fragments with a predominant length of 250 bp. To evaluate length distributions as well as the amount of sheared DNA fragments, the samples were run on a High Sensitivity DNA Chip using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) (Panaro et al. 2000) . Beginning with blunt-end repair, the Illumina libraries were processed according to the Illumina multiplex protocol of Meyer and Kircher (2010) . Afterwards, doubleindexed libraries (Kircher et al. 2012) were pooled and sequenced on one lane of the HiSeq 2500 (Illumina, San Diego, CA) at the Max Planck Institute for Evolutionary Anthropology (Leipzig, Germany). The generated paired-end reads (96 bp) were sorted according their indices, adapters were clipped, and base calling was conducted using freeIbis (Renaud et al. 2013) . Overlapping paired-end reads were trimmed and merged to a single sequence (Renaud et al. 2014) , hereinafter referred to as single reads. The library of G. tridactyla (Glytri) was processed with the same Illumina multiplex protocol (Meyer and Kircher 2010) , but solely consists of single reads (75 bp).
Filtering of Sequencing Data
The Illumina reads were filtered with ConDeTri v.2.2 (Smeds and Kü nstner 2011) to eliminate low-quality reads (supplementary table S1, Supplementary Material online). Thereby, only reads of which 93.75% of the nucleotides have a PHRED score above 15 (filter 15) were kept for further analyses.
Generation of Reduced Data Sets
In addition to the original data sets, reduced data sets consisting of 10 million, 4 million, and 1 million reads were analyzed to perform coverage studies ( fig. 1 ). The reduced data sets were constructed using a Python script for "random sampling fastq files" downloaded from hitseq (subsampler.py, http://www.hitseq.com/forum/ topic/13, last accessed December 2, 2015). The filtered reads of the original data sets were randomly pruned to data set sizes of 10 million, 4 million, and 1 million reads. Per species and data set size, ten replicates were generated. To allow comparable coverage studies, reduced data sets are constructed for libraries in which the complete mitochondrial genome is represented by a single contig in the original data sets (FS05, FS10, FS11, FS12, FS13, FS14, FS15, FS17, FS18, FS19, FS20, FS21, FS23, Glytri) . The original data sets of FS20 and FS21 comprised less than 10 million reads (supplementary table S1, Supplementary Material online), which is why these libraries were only reduced to data set sizes of 4 million and 1 million reads.
Sequence Assembly
The filtered sequence reads of the original (supplementary table S1, Supplementary Material online) and reduced data sets were assembled de novo using IDBA-UD v.1.1.1 (Peng et al. 2012) . IDBA-UD assemblies are constructed using an initial k-mer size of 20, an iteration size of 5, and a maximum k-mer size of 60.
Searching for Target Genes
The assemblies of the original data sets were screened for mitochondrial and nuclear target genes using the Basic Local Alignment Search Tool v.2.2.28+ (Altschul et al. 1997; Zhang et al. 2000) . First, a contig comprising all mitochondrial genes had been identified in G. tridactyla by BLAST-searches utilizing the mitochondrial genes of Platynereis dumerilii (GenBank accession NC_000931.1) as query. Subsequently, the mitochondrial genes (atp6, atp8, cox1, cox2, cox3, cytb, nad1, nad2, nad3, nad4, nad4l, nad5, nad6 , sRNA, and lRNA) of G. tridactyla (Glytri) were annotated using the MITOS webserver (Bernt et al. 2013 ) and served as reference for BLASTsearches in all other glycerid databases as well as in Glyci. armigera (FS17). Ribosomal candidate genes (5.8SrRNA, 18SrRNA, 28SrRNA, ITS1, and ITS2) were screened through BLAST in G. tridactyla (Glytri) using published nuclear genes of Glycera americana 28SrRNA (EU418864.1), Proceraea cornuta 5.8SrRNA (AF212165.1), and G. americana 18SrRNA (EU418856.1) as reference. Afterwards, annotated ribosomal candidate genes identified in G. tridactyla (Glytri) were used as query for BLAST-searches in all other glycerid databases as well as in Glyci. armigera. Protein-coding genes were searched with tBLASTx, whereas BLASTn was used for ribosomal mitochondrial genes and the nuclear target loci. All contigs with an e value below 1e
À5
were used for phylogenetic reconstructions.
Phylogenetic Analyses
Phylogenetic reconstructions are based on the original data sets of 19 glycerid specimens and Glyci. armigera (FS17) (table  1 and supplementary table S1 , Supplementary Material online). To avoid frameshift errors in the nucleotide sequences during alignment step, the deduced amino acid sequences of the protein-coding genes were aligned and subsequently retranslated using ClustalW implemented in BioEdit v.7.1.11 (Hall 1999) . However, the nucleotide sequences of the ribosomal mitochondrial genes and the nuclear ribosomal cluster were aligned with the L-INS-i option of Mafft v.7.130b (Katoh et al. 2002) (alignments see supplementary data set S1, Supplementary Material online). Additionally, third codon positions of protein-coding genes were deleted in all alignments using the R package APE (Paradis et al. 2004 ) to test the influence of this position on our phylogenetic analyses. Phylogenetic analyses of different data sets (see below) were conducted with maximum likelihood (ML) using RAxML -Overview of the methodical approaches focused in this study. The studied data sets comprise the original and reduced data sets (10 million, 4 million, and 1 million reads) (boxes marked in green). To resolve the regarding scientific questions (boxes marked in red), several methodical approaches were used (boxes marked in white). v.8.0.5 (Stamatakis 2014) and Bayesian inference (BI) using PhyloBayes MPI v.1.5a (Lartillot et al. 2009; Lartillot et al. 2013 ). The ML phylogenies (raxmlHPC-PTHREADS-AVX -f b -m GTRGAMMAI -q partition -N1000) represent the bestobtained tree for each data set under a GTR + GAMMA + I substitution model. Bootstrap values were determined from 1,000 pseudoreplicates. For Bayesian inference, 50% majority rule consensus trees were obtained from two independent runs per data set (CAT-GTR; 30,000 generations each, burnin 5,000 each). The data sets comprise 1) the 13 proteincoding mitochondrial genes (atp6, atp8, cox1, cox2, cox3, cytb, nad1, nad2, nad3, nad4, nad4l, nad5 , and nad6) including and excluding the third codon position of the proteincoding genes, 2 ribosomal mitochondrial genes (sRNA and lRNA), and 4 loci from the nuclear ribosomal cluster (18SrRNA, 28SrRNA, ITS1, and ITS2), hereafter referred to as MLall/BIall (with and without third position); 2) the 15 mitochondrial genes including and excluding the third codon position of the protein-coding genes, hereafter referred to as MLmt/BImt (with and without third position); 3) the 13 protein-coding mitochondrial genes including and excluding the third codon position of the protein-coding genes, 2 ribosomal mitochondrial genes (sRNA and lRNA) and 18SrRNA as well as 28SrRNA, hereafter referred to as MLmt + nucl/BImt + nucl (with and without third position); 4) four loci from the nuclear ribosomal cluster (18SrRNA, 28SrRNA, ITS1, and ITS2), hereafter referred to as MLnucl + ITS/BInucl + ITS; and 5) 18SrRNA and 28SrRNA, hereafter referred to as MLnucl/BInucl, respectively (table 2). The data sets were partitioned by gene when analyzing multiple genes from either the mitochondrial or nuclear genome (MLmt/BImt, MLnucl + ITS/BInucl + ITS, and MLnucl/BInucl). In analyses comprising both, mitochondrial and nuclear genes, the data sets were subdivided in only two partitions accordingly (MLall/BIall, MLmt + nucl/BImt + nucl). The uncorrected (p) genetic distances were calculated using DAMBE v.5.6.7 (Xia 2013) for the data set comprising both, the 15 mitochondrial genes and the 4 nuclear loci (MLall/BIall, with third position), and for the data set comprising only the 4 nuclear loci (MLnucl + ITS/BInucl + ITS) (supplementary table S2, Supplementary Material online). The outgroup taxa were Lumbricus terrestris, Nephtys sp., Nephtys incisa, Orbinia latreillii, Orbinia swani, P. dumerilii, Sipunculus nudus, Terebellides stroemii (supplementary table S3, Supplementary Material online), and Glyci. armigera (FS17). Another ML analysis (GTR + GAMMA + I; 1,000 pseudoreplicates) was performed for the MLall (with third position) data set which additionally included 125 cox1 sequences of Glyceridae and Goniadidae published in National Center for Biotechnology Information (NCBI) (alignment see supplementary data set S1, Supplementary Material online). All phylogenetic trees were visualized and edited with iTOL (Letunic and Bork 2007) .
Determination of the Mitochondrial Gene Order
Gene order annotations were performed for libraries in which all mitochondrial target genes were recovered on a single contig (hereafter referred to as "mitocontig") (13 Â Glyceridae, 1 Â Goniadidae, see table 1 for accession numbers). First, it has been tested whether the mitocontigs represent complete mitochondrial genomes (hereafter referred to as "mitogenomes") by screening for identical sequence parts in the 3 0 -and 5 0 -end of each mitocontig which allowed for closing the circularly organized mitogenome. Afterwards, mitocontigs were uploaded to the MITOS webserver (revision 567, 2014-08-25) (Bernt et al. 2013) . Mitochondrial genomes had been automatically annotated with default settings using the invertebrate genetic code for mitochondria. Mitochondrial gene orders were visualized using Circos v.0.67 (Krzywinski et al. 2009 ) (for Circos configuration files, see supplementary data set S2, Supplementary Material online).
Composition of Mitochondrial Genomes
To measure the strand-specific bias of nucleotide composition, the AT and GC skews were calculated according to the formula AT skew = (A À T)/(A + T) and GC skew = (G À C)/(G + C) (Perna and Kocher 1995) . Calculations were performed for the complete mitochondrial genome (13 Â Glyceridae, 1 Â Goniadidae) and separately only for the 13 proteincoding genes, 2 ribosomal RNAs (rRNAs) (sRNA and lRNA), 22 transfer RNAs (tRNAs), and group II introns (see supplementary data set S3, Supplementary Material online). Moreover, codon usage in the 13 protein-encoding genes and the putative secondary structures of the 22 inferred tRNAs were analyzed. Gene annotation was conducted using the MITOS webserver (revision 671, 2015-05-05) with default settings and the invertebrate genetic code for mitochondria.
Phylogenetic Analyses of Group II Introns
Two group II introns of Glycera fallax (FS14) (I1 and I2) and one of Glycera unicornis (FS15) were analyzed together with the alignment of Vallè s et al. (2008) which built upon an analysis of Zimmerly et al. (2001) . The deduced amino acid sequences were aligned with the L-INS-i option of Mafft v.7.204. Afterwards, uninformative positions were removed using Gblocks v.0.91b (Castresana 2000; Talavera and Castresana 2007) and the best-fitting substitution model (LG + I + G + F) was determined with ProtTest v.3.4 (Guindon and Gascuel 2003; Darriba et al. 2011 ) (alignment see supplementary data set S1, Supplementary Material online). Finally, an ML analysis was conducted with RAxML v.8.0.5 (raxmlHPC-PTHREADS-AVX -f a -m PROTGAMMAILGF -N1000). Bootstrap support was determined from 1,000 pseudoreplicates.
Coverage Studies
Coverage studies were performed for libraries in which the complete mitochondrial genome was represented by a single contig obtained from the original data sets (FS05, FS10, FS11, FS12, FS13, FS14, FS15, FS17, FS18, FS19, FS20, FS21, FS23, Glytri). Hence, the studied data sets comprise 14 original data sets (13 Â Glyceridae, 1 Â Goniadidae) and 400 corresponding reduced data sets as ten replicates per data set size (10 million, 4 million, and 1 million reads) were analyzed. The sequencing coverage (C), hereafter referred to as "contig coverage," has been calculated in the original data sets as well as the corresponding reduced data sets according to the Lander/Waterman equation: C = LN/G (Lander and Waterman 1988) . Thereby L describes the read length (96/75 bp) and N the number of reads which mapped to the mitocontig. Mapping was conducted with segemehl v.0.2.0 (Hoffmann et al. 2009; Hoffmann et al. 2014) . The number of mapped reads was derived from the output files (SAM-files) using a common bash command (wc -l). The mitocontig length recovered from each of the corresponding original data sets served as reference length (G) in the above-mentioned formula. To further allow comparison of different data set sizes of one specimen, the contig coverage was normalized to 1 million reads (referred to as "cov per million"; supplementary data set S4, Supplementary Material online). To test the influence of the data set size on the recovery of complete mitochondrial genomes, the relative size of the mitochondrial genome (referred to as "relative mitosize") and the number of contigs representing a mitochondrial genome (referred to as "contig count") had been determined for each data set (supplementary data set S4, Supplementary Material online). Therefore, for all IDBA-UD assemblies (see "Sequence Assembly" in the Materials and Methods section) BLAST-searches were executed (BLASTn, e value: 1e À50 , output format: -outfmt 6) in which the species-specific reference mitocontig recovered from the original data sets served as query. The number of contigs representing a complete or broken mitochondrial genome was ascertained using common bash commands (awk, sort -u, wc -l) . To calculate the relative mitosize, the cumulative length of the retained contigs or the length of a single mitocontig was compared with the length of the complete mitochondrial reference genome (equal to 100%) which was determined in each of the original data sets. Based on ten replicates constructed for each specimen per data set size (10 million, 4 million, and 1 million), mean values and standard deviations (SD) were calculated for the following parameters: Coverage per 1 million reads (cov per million), contig coverage, relative mitosize, contig count, and the number of mapped reads (referred to as "read count") (supplementary data set S4, Supplementary Material online). Calculations were performed with Microsoft Excel 2010.
Results

Genome Sequencing
WGS libraries of 19 glycerid specimens and Glyci. armigera (FS17) were constructed. After filtering (filter 15), the number of Illumina reads obtained varied from 4,179,924 reads (FS01) to mostly about 16 million reads to 35,587,134 reads (Glytri) (supplementary table S1, Supplementary Material online). Four libraries (FS01, FS20, FS21, and FS22) consist of less than 10 million reads. Furthermore, for FS05, FS06, FS07, FS08, and FS09, the quality of DNA available for library construction was low and/or the number of molecules per microliter revealed by quantitative real-time PCR during library preparation was remarkably lower than in the remaining glycerid libraries. These samples contain only 10 6 -10 7 molecules per microliter in contrast to the remaining samples which contain 10 9 -10 10 molecules per microliter. In the low-quality libraries FS06, FS07, FS08, FS09, and also in FS01 and FS22, the mitochondrial genome found by BLAST-searches is broken in several contigs. However, in all other 13 glycerids and the outgroup species Glyci. armigera (FS17) BLAST-searches revealed a single contig comprising almost all expected mitochondrial genes. Finally, we were able to determine the complete mitochondrial nucleotide sequence and gene arrangement of 14 specimens. In eight glycerid specimens, we could close the circular mitochondrial genome (FS05, FS10, FS11, FS13, FS18, FS19, FS20, and Glytri). In the other six specimens (FS12, FS14, FS15, FS17, FS21, and NOTE.-The third codon positions of the protein-coding genes were either included or excluded from the analyses. mt, mitochondrial genome, comprising the 13 protein-coding mitochondrial genes and the 2 ribosomal mitochondrial genes (sRNA and lRNA). FS23), the mitochondrial genome is broken within a noncoding unknown region (UNK, equivalent to the control region in vertebrates) (cf. supplementary fig. S1 , Supplementary Material online). The analyzed mitochondrial genomes are around 15,500 bp in size, except of G. fallax (FS14) and G. unicornis (FS15) which are exhibiting a size of approximately 20,600 bp (supplementary fig. S1 , Supplementary Material online).
Among Glyceridae, the mitochondrial genomes show similar values concerning AT content, AT skew, and GC skew. The mean AT content of the complete mitochondrial genome calculated for 13 glycerid taxa is 65.95% ( fig. 2A) . The AT skew is slightly negative (mean AT skew of À0.021, fig. 2B ) and ranges between values of À0.097 (FS19) and 0.057 (FS14) (supplementary data set S3, Supplementary Material online). Different from that, the complete (+)-strand genome sequence is enriched for cytosine as the average GC skew is negative (mean GC skew of À0.246). The GC skew is most prominent at the third codon position (mean GC skew of À0.623) (cf. fig. 2C and supplementary data set S3, Supplementary Material online). Noticeably, the AT skew for group II introns of G. fallax (FS14) and G. unicornis (FS15) is highly positive inferring more A versus T (values of 0.250 and 0.220 in FS14, value of 0.168 in FS15), whereas the GC skew is as negative as in the remaining mitogenome (cf. supplementary data set S3, Supplementary Material online). The mitochondrial genome of the outgroup species Glyci. armigera (FS17) has a higher AT content of 68.54%, an AT skew of À0.105, and a GC skew of À0.182 (cf. fig. 2A-C) . Generally, the biased base composition within the mitochondrial genome is congruent with a biased codon usage (cf. supplementary data set S3, Supplementary Material online). In the 13 studied glycerid taxa and the outgroup species Glyci. armigera (FS17), all typical 22 tRNAs were detected (cf. supplementary fig. S2 , Supplementary Material online). In two species, one loop of the trnR is modified (FS21) or missing (FS15). Although the tRNAs of the G. americana specimens (FS12 and FS23) and Glycera capitata (FS10 and FS11) each show similar structures, more differences are present for G. tridactyla (Glytri), Glycera cf. tridactyla (Eilat, ISR, FS19), and Glycera cf. tridactyla (Saint-Efflam, FRA, FS20). However, the 22 inferred tRNAs show no clade-specific features which could be putatively phylogenetically informative (cf. supplementary fig. S2 , Supplementary Material online).
The analyzed taxa show different gene orders, three of them within Glyceridae, which vary in the position of the tRNAs trnL1, trnS2, and trnA ( fig. 3A) . A further rearrangement in tRNA position could be observed in Glycera tesselata (FS18). In this species, the trnQ, which is located between the genes cox3 and nad6 in all other analyzed glycerid specimens and Glyci. armigera (FS17), is translocated to a position between the genes rrnL and nad1 ( fig. 3A) . Surprisingly, gene order annotation revealed two group II introns (I1 and I2) inside the cox1 gene of G. fallax (FS14) and one group II intron inside the cox1 gene of G. unicornis (FS15) (fig. 3B) . FIG. 2.-Nucleotide composition of complete mitochondrial genomes in 13 glycerid taxa (mean values ± standard deviations) and the outgroup species Glycinde armigera (FS17). (A) AT content, (B) AT skew, (C) GC skew. The values are shown for the complete mitochondrial genome (Genome), the 13 protein-coding genes considering all codon positions (all) as well as only the first and second (1 + 2) and the third (3rd) codon position, the 2 rRNAs and 22 tRNAs (tRNA), respectively. Note the disparity in the outgroup species for most of the parameters.
Each group II intron contains the typical starting (GTGCG) and ending sequence (AC). Moreover, Pfam-A searches (Finn et al. 2014 ) determined one open reading frame (ORF) for a reverse transcriptase and a type II intron maturase per intron.
Interestingly, the group II intron (I2) of G. fallax (FS14) and the one of G. unicornis (FS15) start at the exactly same position (directly after position 700) of the coding sequence (CDS) of the cox1 gene ( fig. 3B ). An ML analysis (RAxML, Mitochondrial gene order arrangements of the complete mitochondrial genome of (Á) the outgroup species Glycinde armigera (FS17), (*) the glycerid species Glycera tesselata (FS18), () Glycera dibranchiata (FS05), Glycera tridactyla (Glytri), Glycera cf. tridactyla (FS19), Glycera cf. tridactyla (FS20) (cf. clade 1 in figs. 4 and 5), and (#) Glycera americana (FS12), G. americana (FS23), Glycera capitata (FS10), G. capitata (FS11), Glycera fallax (FS14), Glycera oxycephala? (FS21), Glycera unicornis (FS15), and Hemipodia simplex (FS13) (cf. -Phylogeny of Glyceridae based on ML and Bayesian inference for a data set comprising the 13 protein-coding mitochondrial genes, 2 ribosomal mitochondrial genes, and four loci from the nuclear ribosomal cluster (18SrRNA, 28SrRNA, ITS1, and ITS2). The data set includes the third codon position of the protein-coding genes. Scale bars indicate the number of substitutions per site. (A) The ML phylogeny obtained with RAxML v.8.0.5 represents the best tree under a data set-specific GTR + GAMMA + I substitution model. Bootstrap support values (>50%) from 1,000 pseudoreplicates are given at the nodes. (B) For the Bayesian analysis, the 50% majority rule consensus tree was obtained from two independent runs using PhyloBayes MPI v.1.5a (CAT-GTR; 30,000 generations each, burn-in 5,000 each). Posterior probability values (>0.50) are given at the nodes. Bootstrap support values (>50%) from 1,000 pseudoreplicates are given at the nodes. (B) For the Bayesian analysis, the 50% majority rule consensus tree was obtained from two independent runs using PhyloBayes MPI v.1.5a (CAT-GTR; 30,000 generations each, burn-in 5,000 each). Posterior probability values (>0.50) are given at the nodes.
LG + I + G + F; 1,000 pseudoreplicates) revealed a sister group relationship between the group II intron (I2) of G. fallax (FS14) and a group II intron identified in the annelid species Nephtys sp. (see Vallè s et al. 2008) , and both occur as sister to the group II intron of G. unicornis (FS15) (supplementary fig. S3 , Supplementary Material online). Contrary, the group II intron (I1) of G. fallax (FS14), which starts directly after position 184 of the CDS of the cox1 gene, does not cluster together with the above-mentioned annelid group II introns. Apart from this, gene order annotation revealed an approximately 2,988-bplong intergenic region between the genes nad3 and nad2 in G. unicornis (FS15) (fig. 3C ). The coverage for the group II introns as well as for the intergenic region was as high as for the remaining mitochondrial genome implicating that these regions are indeed part of the mitochondrial genome rather than assembly artefacts of nuclear integrations.
Phylogenetic Reconstructions
Partitioned ML analyses (RAxML, GTR + GAMMA + I; 1,000 pseudoreplicates) and Bayesian inference (CAT-GTR; 30,000 generations each, burn-in 5,000 each) resolved a quite robust glycerid phylogeny. The alignment, which contains 15 mitochondrial genes (including the third codon position of the protein-coding genes) and 4 nuclear loci (18SrRNA, 28SrRNA, ITS1, and ITS2), comprises approximately 20,000 base positions with almost no missing data. First, ML and Bayesian analyses congruently recover a highly supported sister group relationship of Glyceridae Grube, 1850 and Goniadidae Kinberg, 1866 (figs. 4 and 5). Second, both approaches congruently resolve the maximally supported monophyly of Glyceridae and reveal three monophyletic clades (clades 1-3) within Glyceridae (figs. 4 and 5). In the ML analysis MLall (with third position), clade 1 occurs as sister to clade 2 + clade 3, and G. tesselata (FS18) emerges as earliest branching taxon forming the sister to all other analyzed glycerid specimens ( fig. 4A ). Clade 1 comprises four glycerid species, namely G. dibranchiata (FS05) and three genetically different OTUs of the G. tridactyla morphotype (FS19, FS20, and Glytri) from different localities. Glycera dibranchiata (FS05) appears as sister to the remaining three glycerid species including the GLTx producing G. tridactyla (Glytri). The monophyly of clade 2 is fully supported and also the nodes within clade 2 are supported by bootstrap values of 100%. This clade consists of genetically different G. capitata morphotypes (FS09, FS10, and FS11) from different localities, an undescribed Glycera sp. (FS08) from Antarctica, and Glycera lapidum (FS06 and FS07) . Clade 3 includes G. fallax (FS14), Glycera nicobarica (FS22), G. unicornis (FS15), Hemipodia simplex (FS13), Glycera oxycephala? (FS21) and three genetically different G. americana morphotypes (FS01, FS12, and FS23) from different localities. Within clade 3, G. fallax (FS14), G. nicobarica (FS22), and G. unicornis (FS15) form a maximally supported monophyletic group in which G. fallax emerges as sister to the two other glycerid species (fig. 4A ). The mitochondrial gene order of all analyzed glycerid species differs from that of the studied outgroup species Glyci. armigera (FS17). Glycera tesselata (FS18) shows a species-specific mitochondrial gene order, and the species of clade 1 harbor a common gene order. Moreover, the species of clades 2 and 3 share the same gene order arrangements (figs. 3A and 4A) which are identical to the recently published mitochondrial gene order of Goniada japonica (KP867019.1).
In contrast to the ML analysis, the Bayesian analysis BIall (with third position) places G. tesselata (FS18) as sister taxon to clade 1, which together are recovered as being weakly supported (posterior probability value 0.56) as the sister to clade 2 ( fig. 4B) . Furthermore, the phylogenetic position of H. simplex In contrast to the above-mentioned topologies, the three monophyletic clades within Glyceridae could not be recovered by ML analyses of the small data sets MLnucl and MLnucl + ITS. Moreover, Bayesian analyses of these data sets, namely BInucl and BInucl + ITS, even failed to recover the monophyly of Glyceridae (cf. supplementary fig. S4E and F, Supplementary Material online).
Coverage Studies to Assess the Scalability of Reconstructing Mitochondrial Genomes
To estimate the number of reads needed to reconstruct complete mitochondrial genomes, coverage studies were performed. Furthermore, the relative size of the mitochondrial genome (relative mitosize) as well as the corresponding number of contigs representing the mitochondrial genome (contig count) had been determined to describe the scalability of genome skimming in respect to recover complete mitochondrial genomes. The data sets studied in this context comprise 14 original data sets (each consisting of around 16 million reads) and 400 reduced data sets, as ten independent subsamples per data set size (10 million, 4 million, and 1 million reads) were constructed for each taxa ( fig. 1) .
The normalized contig coverage (cov per million) adopts similar values in all data sets of one specimen, regardless the fact that the absolute number of reads is adequate or inadequate for reconstructing complete mitochondrial genomes (cf. supplementary data set S4, Supplementary Material online). When comparing among species, the normalized coverage shows remarkable discrepancies. It varies in the glycerid species studied from a minimum of 0.82 (G. unicornis, FS15) to a maximum of 6.97 (Glycera cf. tridactyla, FS20), and the values even rise to 21.18 for the outgroup species Glyci. armigera (FS17) (cf. supplementary data set S4, Supplementary Material online). In glycerid specimens with a comparatively higher basic coverage drawn by values larger than 5 (cov per million of FS13, FS20, and Glytri), more than 89% of the mitochondrial genome could be reconstructed even based on the smallest tested data set size (1 million reads) (supplementary data set S4, Supplementary Material online). A comparison of all data set sizes among the studied glycerid specimens elucidates that a contig coverage of at least 6-7 Â is sufficient to reconstruct more than 95% of a partially fragmented mitochondrial genome ( fig. 6A -C and supplementary data set S4, Supplementary Material online). For Glyceridae which have an average mitogenome size of approximately 15.5 kb, this corresponds to approximately 1,000 reads of mitochondrial origin ( fig. 6A) .
As a general tendency, the coverage studies clearly show that the original data set sizes of around 16 million reads (cf. supplementary table S1, Supplementary Material online) are sufficient for reconstructing complete mitochondrial genomes, whereas its reduction to 1 million reads causes in most of the glycerid taxa incomplete and massively broken mitochondrial genomes ( fig. 6D and E and supplementary data set S4, Supplementary Material online). Based on data set sizes of 1 million reads, the interquartile range which describes 50% of data, ranges from highly incomplete reconstructed mitogenomes (~15% of the original size) to more complete mitogenomes (~85% of the original size). Furthermore, the number of recovered contigs contributing to a broken mitogenome ranges from values of 5 up to 17. The median is drawn by a relative mitogenome size of approximately 47% to which correspond approximately ten short contigs representing the broken mitochondrial genome ( fig.  6D and E and supplementary data set S4, Supplementary Material online). In summary, using 1 million reads mitogenomes tend to be incompletely recovered and broken in several contigs. In contrast to this, with data sets sizes of 4 million reads in most cases (except of FS15 and FS18) more than approximately 95% of the mitochondrial genome was recovered ( fig. 6B and supplementary data set S4, Supplementary Material online). The average number of contigs representing this mitochondrial genome size ranges from 1.5-3.8 (e.g., FS12, FS14, FS19, FS21, and FS23) to maximally 11 (FS11), and for smaller reconstructed mitosizes to 13.9 (FS18) or 25.6 (FS15) ( fig. 6C and supplementary data set S4, Supplementary Material online). Summarizing, 4 million reads already allow the retrieval of nearly complete mitochondrial genomes, which were represented by few long contigs. In data set sizes of 10 million reads, more than 98% of the mitochondrial genome could be always recovered. In four occasions, the complete mitochondrial genome was depicted by a single mitocontig (FS13, FS14, FS19 , and Glytri). In the other cases, the complete mitochondrial genome was maximally broken in 2.8 separate contigs at average ( fig. 6B and C and supplementary data set S4, Supplementary Material online).
Discussion
Phylogenetic Relationships of Glyceridae and Features of Their Mitochondrial Genomes
Using a genome skimming approach we were able to retrieve 13 complete mitochondrial genomes for glycerids, and the complete mitogenome of Glyci. armigera. The AT content, AT skew, and GC skew describing the composition of the mitochondrial genome are similar among all studied glycerids and different from that of the outgroup species (cf. fig. 2A -C and supplementary data set S3, Supplementary Material online). The mitochondrial genomes of Glyceridae are ATrich (mean AT content of 65.95%, fig. 2A ), the AT skew is only slightly negative (mean AT skew of À0.021, fig. 2B ), whereas the GC skew is more negative (mean GC skew of À0.246, fig. 2C ). These findings are consistent with the outcome of other annelid studies (e.g., Bleidorn et al. 2006; Mwinyi et al. 2009; Aguado et al. 2015) . The highest level of bias in base composition is revealed for the third codon position (cf. fig. 2C ) due to its high variability in codon usage (wobble base). Notably, the AT skew of the group II introns identified inside the cox1 gene of G. fallax and G. unicornis is remarkably different from that of the remaining mitochondrial genome (cf. supplementary data set S3, Supplementary Material online) indicating an independent origin.
The phylogenetic reconstructions of Glyceridae are based on ML analyses as well as Bayesian inference of different data sets varying in the number of included genes (table 2) . Concerning the number of taxa and genes, our analyses represent the currently most extensive molecular approach resolving glycerid relationships. Although ML analyses reveal a quite robust glycerid phylogeny (figs. 4A and 5A), Bayesian inference using CAT-GTR seems to be unsuitable, especially for shorter alignments consisting of 6,721 aligned positions (BInucl + ITS) or 5,532 alignment positions (BInucl) (cf. table 2 and supplementary fig. S4E and F, Supplementary Material online). As the ribosomal data sets suffer from low levels of phylogenetic signal (cf. supplementary table S2, Supplementary Material online), we assume that these data sets do not yield enough information for fitting the complex nonparametric model used in our Bayesian analyses. Larger data sets seem to be more suitable as the distribution of site-specific effects of the underlying data sets and the substitutional heterogeneity will be better modelled (Lartillot and Philippe 2004; Lartillot et al. 2009 ).
The results of our phylogenetic analyses strongly support a sister group relationship between Glyceridae Grube, 1850 and Goniadidae Kinberg, 1866, namely Glyceriformia Fauchald, 1977 (Pleijel 2001 ) (figs. 4 and 5). The monophyletic status of Glyceriformia (Pleijel 2001 ) was doubted as some molecular FIG. 6 .-Summarized statistics of the coverage analyses in Glyceridae. (Stacked) Bar graphs (A-C) illustrating the original data sets (marked in orange) of 13 studied glycerid taxa and the corresponding reduced data sets consisting of 10 million reads (marked in black), 4 million reads (marked in dark gray) and 1 million reads (marked in light gray). Absolute numeric values are plotted for the original data sets, mean values are plotted for the reduced data sets. Mean values and standard deviations were calculated from ten subsamples analyzed for each specimen per data set size. (A) Number of reads that mapped to the analyses based on the nuclear ribosomal markers 18SrRNA and 28SrRNA (Struck et al. 2008 ; Bö ggemann 2009) rejected this hypothesis. Other molecular analyses using 16SrRNA (Bö ggemann 2009) and three combined genes 18SrRNA, 28SrRNA and EF1-alpha (Struck et al. 2007) , as well as a comprehensive morphological analysis (Bö ggemann 2002) supported the monophyly of Glyceriformia, but only with weak support values. Besides the monophyly of Glyceriformia, also the monophyly of Glyceridae was revealed with maximal support values (figs. 4 and 5). This is in line with former studies based on single genes (18SrRNA, 16SrRNA, cox1) (Bö ggemann 2009) and a morphological approach built up on immense taxon sampling (Bö ggemann 2002). So far, no sequence data are available for Glycerella, the third described genus within this family. However, the morphology clearly indicates that this taxon will be part of a monophyletic Glyceridae (Bö ggemann 2002).
Contrary to the morphological study (Bö ggemann 2002), our actual molecular work could resolve the majority of nodes within Glyceridae with high support values. Our analyses recover three main clades, comprising all analyzed taxa, with exception of G. tesselata whose phylogenetic position could not be firmly resolved. Although this species occurs as sister taxon to clade 1 in the Bayesian analysis (fig. 4B ), G. tesselata emerges as sister to all other glycerids in the ML tree ( fig. 4A ). More data are needed to clarify the position of this taxon. The relationships between the three main clades remain controversial. Although ML analysis gives strong support for a sister group relationship of clades 2 and 3 ( fig. 4A ), Bayesian analysis recovers clade 2 as sister to clade 1 (fig. 4B ). Clade 1 includes the GLTx producing species G. tridactyla and will be discussed in more detail below. Clade 2 includes G. lapidum, G. capitata, and two undescribed Antarctic species. As revealed in a ML analysis comprising all published glycerid cox1 sequences, the Antarctic species belong to a previously discovered species complex. We could show that Glycera cf. capitata (Antarctica, FS09) is identical with Glycera sp. clade III (sensu Schü ller 2011), and Glycera sp. (Antarctica, FS08) is a member of Glycera sp. clade I (sensu Schü ller 2011) (cf. supplementary  fig. S5, Supplementary Material online) . These taxa show a spatial and depth-dependent distribution pattern, but have not been formally described yet (Schü ller 2011) . Within clade 2 our actual topology ( fig. 4A ) further resolves a sister group relationship of G. capitata and G. lapidum. The relationships recovered within clade 3 ( fig. 4A ) are congruent with the morphological approach (Bö ggemann 2002) revealing a sister group relationship of G. nicobarica and G. unicornis, occurring as sister to a clade containing G. fallax, and all together emerge as sister to a clade including G. americana. By sampling multiple individuals of some species, we got some potential hints for the existence of cryptic species within Glyceridae as the G. americana, G. tridactyla, and G. capitata individuals sampled at different locations are genetically distinct (cf. fig. 4A ). These findings are congruent with a study of Schü ller (2011) observing genetic differences in same morphotypes within the glycerid species Glycera kerguelensis. Our analysis of all available cox1 sequences also recovers more candidates of putatively cryptic species (see supplementary fig. S5, Supplementary Material online) . However, as glycerids are difficult to identify several cases of misidentification may be present in the NCBI GenBank data (e.g., some glycerids cluster outside Glyceridae and Goniadidae; see supplementary fig. S5 , Supplementary Material online). Future studies using an integrative taxonomic approach and implementing an increased taxon sampling will be crucial to analyze this question in more detail.
An unexpected phylogenetic position was recovered for H. simplex. Apart from the genus Glycera, Glyceridae comprise two additional genera, namely Glycerella and Hemipodia. All three genera had been regarded as monophyletic based on obviously distinct, and genus-specific morphological characters (Bö ggemann 2002). However, ML and Bayesian analyses revealed for H. simplex always a nested position within the genus Glycera (figs. 4 and 5 and supplementary fig. S4A -D, Supplementary Material online). Future taxonomic revisions should consider transferring H. simplex into the genus Glycera. With respect to the glycerid gene orders, we can show that the gene order of the protein-coding mitochondrial genes as well as of the ribosomal mitochondrial genes is conserved within Glyceridae and harbors gene arrangements identical to the majority of the yet known annelid mitochondrial genomes (Jennings and Halanych 2005; Bleidorn et al. 2006; Bleidorn et al. 2007; Golombek et al. 2013; Li et al. 2015) (fig. 3A ). Within Glyceridae, three different gene orders could be distinguished. There are also two different gene orders found in Goniadidae (cf. Glyci. armigera and Go. japonica [see Chen et al. 2015] ). Even though Glyci. armigera and Nephtys sp. (NC_010559.1) share the same gene order For details on the calculation of the contig coverage, see "Coverage Studies" in the Materials and Methods section. Successful recovery of mitochondrial genomes dependent on data set sizes. (B) To determine the "relative mitosize," the cumulative length of broken mitocontigs was referred to the length of the corresponding complete mitogenome (equal to 100%) originating from the original data sets. (C) Number of contigs representing the mitochondrial genome for each studied glycerid specimen and data set size (referred to as "contig count"). Boxplots showing the distribution of the relative mitosize (D) and the number of obtained mitocontigs (E) across all subsamples and data set sizes. They are based on the data of ten replicates per data set size (10 million, 4 million, and 1 million reads) per studied glycerid specimen (13 libraries), here plotted as dark gray data points. The interquartile range, comprising the middle 50% of the data points, is highlighted in orange. arrangement, it is not possible to determine the ancestral gene order for Glyceridae and Glyceriformia based on the yet published data, as Go. japonica shows an identical gene order as clades 2 and 3 of Glyceridae in our study. The typical 22 tRNAs could not contribute any clade-specific features (cf. supplementary fig. S2, Supplementary Material online) . Nevertheless, in all cases the mitochondrial gene order is consistent with the phylogeny inferred from the sequence data and no convergent changes have to be assumed (cf. figs. 4 and 5) .
Morphological cladistic analyses (Bö ggemann 2002) always recovered G. dibranchiata and the known GLTx producing species G. tridactyla in different groups, whereas our actual phylogenetic analyses indicate a close relationship of these two species within clade 1 (figs. 4 and 5 and supplementary fig. S4A-D, Supplementary Material online) . This close relationship is further supported by an identical gene order identified in both species (figs. 3A, 4, and 5). The glycerid species G. tridactyla is known to possess a neurotoxin, namely a-Glycerotoxin, which activates specifically presynaptic Ca v 2.2 channels (N-type Ca 2+ channels) causing increased neurotransmitter releases (Manaranche et al. 1980; Morel et al. 1983; Bon et al. 1985; Meunier et al. 2002) . Its effects have been shown to be dose-dependent and reversible (Manaranche et al. 1980; Thieffry et al. 1982) . Interestingly, the venom of G. dibranchiata is also able to induce ion-permeable channels in lipid bilayers (Kagan et al. 1982) , but this rather seem to be evoked by an arsenal of pore-forming and membrane disrupting toxins (von Reumont, Campbell, Richter, et al. 2014) . Even if computational transcriptome analyses revealed in G. dibranchiata venom transcripts coding for putative neurotoxins, like the gigantoxin I-like neurotoxin (von Reumont, Campbell, Richter, et al. 2014) , the G. dibranchiata venom does not cause any increase in transmitter releasing effects like described for G. tridactyla venom (Bon et al. 1985) . Consequently, it seems that these closely related glycerid species developed differently acting venom cocktails. As the G. tridactyla library analyzed in the study of von Reumont, Campbell, Richter, et al. (2014) was only shallowly sequenced, further RNAseq data are necessary and more species should be analyzed to reach more detailed insights into the complexity of glycerid venoms. The here presented backbone phylogeny will provide the necessary framework to trace the venom evolution in this annelid group.
Group II Introns in Glycerid Mitochondrial Genomes
A surprising finding of our analyses was the detection of group II introns inside the mitochondrial genomes of two glycerids. Group II introns are self-splicing mobile genetic elements that are built-up of a catalytically active intron RNA and an intron-encoded protein (IEP). Furthermore, they are thought to be the evolutionary ancestors of eukaryotic spliceosomal introns and retrotransposons (review Lambowitz and Zimmerly 2011) . Although group II introns are not present in eukaryotic nuclear genomes, they are found in organelle genomes of, for example, yeast, fungi, liverwort, green plants and algae, as well as in Bacteria and Archaea (Zimmerly et al. 2001; Dai et al. 2003) . In metazoans only for Trichoplax adhaerens (see Dellaporta et al. 2006 ) and the annelid Nephtys sp. (see Vallè s et al. 2008) , group II introns are known to be present in their mitochondrial genome, the latter which marked the first occurrence for Bilateria. Furthermore, Zanol et al. (2010) report possible candidate introns within cox1 sequences of eunicid annelids, and Zhong et al. (sensu Bleidorn et al. 2009) in Endomyzostoma scotia, which all still need confirmation. Interestingly, we found two additional annelid species, namely G. fallax and G. unicornis, harboring group II introns inside the cox1 gene. This allows speculating, that the ongoing application of NGS techniques in conjunction with a growing number of genomes possibly lead to recover additional group II introns in Bilateria yet remained undiscovered. The here found glycerid group II introns and the known one from Nephtys sp. share common characteristics as they are all located inside the cox1 gene, exhibit the same typical starting and ending sequence as well as an ORF for a reverse transcriptase and a type II intron maturase per intron ( fig. 3B) . Moreover, the group II introns of G. unicornis, G. fallax (I2), and Nephtys sp. start at the exact same position inside the gene, directly after position 700 of the cox1 coding sequence ( fig. 3B) . These introns cluster together in an ML analysis (supplementary fig. S3 , Supplementary Material online). A second group II intron (I1) in G. fallax starts after CDS position 184 and does not cluster with the above-mentioned bilaterian group II introns. It is supposed that the initial DNA target site recognition is accomplished by the intron IEP, which recognizes specific bases of the DNA target site through major groove interactions cf. (Singh and Lambowitz 2001; Lambowitz and Zimmerly 2011) . As the IEPs are encoded by the intron RNA, they recognize intron-specific DNA target sites (Lambowitz and Zimmerly 2011) . We assume that G. fallax possess two different group II introns colonizing the cox1 gene independently. The absence of group II introns in most of the analyzed glycerids as well as its presence in the outgroup species Nephtys sp. shows evidence that the occurrence of group II introns inside the cox1 gene of the here analyzed annelid species results from separate events. An imaginable scenario already hypothesized in a recent study explains group II introns as the result of a horizontal gene transfer from a bacterial or viral vector into the mitochondrial genome of its host (Vallè s et al. 2008 ).
Genome Skimming Allows Unravelling Complete Mitochondrial Genomes
High-throughput sequencing promoted the generation and utilization of mitochondrial genomes to resolve phylogenetic relationships (e.g., Gillett et al. 2014; Williams et al. 2014 ) as well as phylogeographic questions (e.g., Morin et al. 2010) . In our study, we followed a time-and cost-efficient approach to sequence in parallel complete mitochondrial genomes of closely related non-model organisms performing multiplexed Illumina HiSeq sequencing.
The pipeline used here consisting of tagged NGS sequencing, de novo assembly and phylogenetic studies, was used in a similar manner in other recent studies (e.g., Botero-Castro et al. 2013; Hahn et al. 2013; Williams et al. 2014; Li et al. 2015) . However, the sufficient sequencing depth remained obscure. Botero-Castro et al. (2013) proposed that based on a higher ratio of mitochondrial DNA over nuclear DNA in most of the tissues, already less than 10 million reads should be mostly sufficient to recover complete mitochondrial genomes by an adequate coverage. To test the scalability of the genome skimming approach in view of reconstructing complete mitochondrial genomes, we performed in silico analyses on 14 original data sets (13 Â Glyceridae, 1 Â Goniadidae) and 400 corresponding reduced data sets (10 million, 4 million, and 1 million reads) as for each data set size ten subsamples were generated.
Our results clearly show that the percentage of retrieved mitochondrial reads is scalable regarding the total number of sequence reads (cf. cov per million; supplementary data set S4, Supplementary Material online). Consequently, rather than the relative number of reads referring to a mitochondrial genome, the absolute number is crucial to reconstruct complete mitochondrial genomes. Comparing the different analyzed classes of read numbers (10 million, 4 million, and 1 million) we find that using only 1 million reads did in most cases not allow the assembly of complete mitochondrial genomes. BLAST-searches revealed that the recovered genomes are highly incomplete and broken into many contigs ( fig. 6B-E) . Moreover, the variance between subsets is quite high. This is no surprise, as the estimated coverage in these data sets is relatively low, in many cases below 5 Â (fig. 6A ). In contrast, the coverage increases in data sets of 4 million reads to 6-7 Â and higher which refers to approximately 1,000 mapped reads ( fig. 6A and supplementary data set S4, Supplementary Material online). These data set sizes allow assembling at least 95% of the original mitochondrial genome content, but the mitochondrial genomes are broken several times in different contigs ( fig. 6B-E) . We assume that most de novo assemblers should need at least a 6Âto 7Â coverage to create long mitochondrial contigs, as found for the here used IDBA-UD. In data set sizes of 10 million reads, each time more than 98% of the glycerid mitochondrial genome was recovered. Thereby, the mitochondrial genomes were recovered as single or in two contigs in most cases (maximally in~2.8 contigs at average, cf. supplementary data set S4, Supplementary Material online and fig. 6D and E), which would enable gene order annotations. Therefore, we would propose data set sizes of at least 10 million reads as adequate dimensioned to reconstruct mitochondrial genomes in case of Glyceridae. Consequently, Illumina HiSeq 2500 which produces approximately 500-600 million paired-end reads per lane (Illumina 2015 , last accessed December 3, 2015 will enable the parallel processing of 50 glycerid individuals, of 10 million reads each, on a single lane.
The number of mitochondrial reads in WGS data is not only strongly influenced by the number of mitochondria but also by the genome size of the target organism. Assuming a similar number of mitochondria per cell when compared between two species, the relative number of mitochondrial reads will be lower for species with a larger genome. The genome size can be measured by the c-value which is defined as the haploid nuclear DNA content in picogram (1 pg = 978 Mb) (Doležel et al. 2003; Gregory 2005) . Compared with Glyceridae having published genome sizes of c-value = 1.33 (G. lapidum) and c-value = 3.5 (G. americana) (Gregory et al. 2007; Gregory 2014) , the majority of invertebrate species harbors considerably smaller genomes sizes ( fig. 7) . As a consequence, it seems justified to propose that for most invertebrate target species already less than 10 million reads are needed for the reconstruction of complete mitochondrial genomes (but see Tilak et al. [2015] for problems with genome skimming in tunicates). This is likely reflected in the outgroup species Glyci. armigera in which the determined normalized coverage (cov per million) of 21.18 is three times higher than the highest value recovered in all studied glycerids (supplementary data set S4, Supplementary Material online). However, it has to be noted that the number of mitochondria per cell can be highly dependent on the type of tissue and developmental stage (e.g., Robin and Wong 1988; Kawamura et al. 2012 ). In our study we used body wall and muscle tissue for all analyzed specimens, allowing a valid comparison. Usage of tissue types enriched for mitochondria will have obviously a positive influence on the ration of recovered mitochondrial reads.
Genome skimming gained attention for metagenome analyses of insect communities (e.g., Andú jar et al. 2015; Crampton-Platt et al. 2015; Linard et al. 2015) . For this approach, WGS sequencing was conducted for untagged DNA libraries from preselected insect individuals and it has been shown that it is possible to assemble larger mitochondrial contigs from such mixed sequence data. For example, for mixed DNA samples of around 500 Coleoptera it was possible to retain 107 complete mitochondrial genomes using two Illumina MiSeq runs (~34 million reads, 250-bp paired-end) . The authors also barcoded all investigated beetles by sequencing a cox1 fragment, which allows to refer the retained mitochondrial genomes to individual specimens. Due to relatively easy protocols coupled with an ever increasing sequencing power it seems obvious that genome skimming approaches will be of huge interest for phylogenetic studies of evolutionary younger groups (as shown here for Glyceridae), as well as for metagenomic studies of animal communities.
In summary, the genome skimming approach offers numerous advantages for assembling mitochondrial data sets of nonmodel taxa: 1) The usage of DNA allows to analyze freshly preserved material as well as longer stored museum specimens; the fact that no prior resources are required allows a direct start of library preparation, which makes it a comparatively 2) fast and 3) cost-efficient method (table 3) . Besides genome skimming several other approaches exist to address phylogenomic studies of non-model organisms (table 3) . One such class of methods is target enrichment, which usually amplifies selected exons or ultraconserved elements of the genome (e.g., Lemmon et al. 2012; McCormack et al. 2013 ). These methods enable enrichment for "moderate target sizes (25-100 loci)" (Peñ alba et al. 2014 ) as well as a rapid capturing of hundreds of loci for phylogenetic analyses. However, prior genomic resources are always required for probe construction. Moreover, enrichment of thousands of loci is still very expensive and as such only cost effective, when huge data sets (>96 species) are analyzed. Interestingly, using the unbiased genome skimming approach we were able to support the integration of group II introns within the mitochondrion due to a comparison with the coverage of mitochondrial genes. Such analyses would be highly biased using target enrichment and may lead to the exclusion of such unusual mitochondrial features. RNA-sequencing, which provides potentially phylogenetically informative genes (Wang et al. 2009 ) and has been successfully used in several deep phylogenomic studies (Kocot et al. 2011; Ferná ndez et al. 2014; Weigert et al. 2014) , requires highquality RNA for library construction (table 3) which was not available for most of the hitherto studied glycerid specimens.
Conclusions
We were able to resolve a robust backbone phylogeny for Glyceridae, which will be essential to choose taxa for further venom transcriptome studies aiming to understand venom evolution in this group. Our phylogenetic analyses demonstrate that mitochondrial genome data still represent a valuable marker for phylogenetics in postgenomic times, especially suitable when working on a higher taxonomic level or with young radiations. Furthermore, NGS revolutionized the acquisition of mitochondrial genomes by generating huge amounts of data in a comparatively short time. Consequently, the number of available mitogenomes increases continually and their screening will further contribute to the detection of unusual features, as for example, group II introns. Apart from this, to plan time-and cost-efficient NGS projects and to increase the outcome of such studies, it is obviously advantageous to know the depth of sequencing that should be achieved. Our in silico analyses show that in Glyceridae, low contig coverages of around 6-7Â are already adequate to reconstruct more than 95% of the mitochondrial genome. Generally, for species harboring a mitogenome of approximately 15.5 kb coupled with c-values ranging from approximately c-value = 1.33 to c-value = 3.5, about 10 million sequencing reads seemingly adequate for resolving more than 98% of the mitochondrial genome. Nevertheless, genome skimming is one of several approaches as discussed above. The best one should be chosen according to the scientific question, taxon sampling, and/or available starting material.
Supplementary Material
Supplementary figures S1-S5, tables S1-S3, and data sets S1-S4 are available at Genome Biology and Evolution online (http://www.gbe.oxfordjournals.org/).
